1. Introduction {#sec1}
===============

Osteoporosis is a multifactorial skeletal disease characterized by low bone mass with deteriorated bone microstructure [@bib1]. Compared with normal bone, the regeneration process of osteoporotic bone defect was strongly impaired due to the weaker capability of bone formation than bone resorption. Therefore, in the application of biomaterials to osteoporotic patients, a proper physical support together with the function to ameliorate the unbalanced regeneration microenvironment are strongly recommended [@bib2].

Among various influencing factors, the *in vivo* microenvironment pH (μe-pH) has been demonstrated to be important in the bone defect rehabilitation process [@bib3], [@bib4], [@bib5]. According to our previous studies, the detection of μe-pH was realized by using a pH microelectrode, and the results indicated the μe-pHs of our specifically tested biomaterials were significantly different from the homogeneous peripheral blood pH and exhibited unique changing patterns with time. The alkaline biodegradable material showed promising healing effect in the context of osteoporotic bone defects [@bib5]. Besides, we realized that the μe-pH generated by implant biodegradation may be influenced by the release of surface ions, such as Si^4+^, Mg^2+^, and Zn^2+^, so that a similar μe-pH could be generated through a combination effect of different released ions. Although the beneficial effects of these ions have been widely reported [@bib6], [@bib7], [@bib8], [@bib9], the regulation and function of the *in vivo* μe-pH change, according to our literature review, are still remained to be further discussed.

Calcium silicate (CaSiO~3~, CS) is celebrated for its bioactivity, osteoinductivity and biodegradability which could grant a better bone regenerative capacity than β-tricalcium phosphate (β-Ca~3~(PO~4~)~2~, β-TCP) [@bib10], [@bib11]. However, the problem of high dissolution rate limits the application of CS as an orthopaedic implants [@bib12]. A Ca---Mg/Zn---Si bioceramic system generated by incorporating magnesium/zinc into silicate based framework (*e.g.* akermanite (Ca~2~MgSi~2~O~7~, Ak), diopside (CaMgSi~2~O~6~), hardystonite (Ca~2~ZnSi~2~O~7~, Har) *ect*.) are expected to exhibit a more controllable degradation rate [@bib13] and suitable mechanical properties [@bib14] for applications as orthopaedic biomaterials. *In vitro* study revealed that adipose-derived stem cells and osteoblasts presented better proliferation and osteogenesis behavior on akermanite than on β-TCP [@bib15], [@bib16]. Consistently, a faster new bone formation rate derived from non-osteoporotic rabbit femur bone defect was observed in akermanite porous bioceramic than in β-TCP [@bib17]. A recent research further proved that akermanite showed promotion effects on angiogenesis while suppress osteoclastogenesis for osteoporotic bone regeneration [@bib18].

However, although the combination effect of Mg^2+^ and Si^2+^ in akermanite on osteogenesis under osteoporotic condition has been reported, to our knowledge, there\'s currently a lack of study that is focused on the evaluation of the *in vivo* μe-pH change influenced by the release of these ions. Besides, knowledge of element distribution of Ak in microenvironment between implant and new bone is still in deficiency. In this study, a Mg-containing akermanite has been fabricated and applied under osteoporotic bone defect regeneration condition, combining the repair capacity of beneficial ions and alkaline μe-pH. The simulative effect of akermanite on new bone was examined by an OVX rat tibia defect model, and the interfacial elements distribution between implant and new bone was examined by energy-dispersive X-ray spectroscopy (EDX) linear scanning.

2. Materials and methods {#sec2}
========================

2.1. Materials characterization {#sec2.1}
-------------------------------

Akermanite (Ca~2~MgSi~2~O~7~, Ak), Hardystone (Ca~2~ZnSi~2~O~7~, Har), and beta-tricalcium phosphate (β-Ca~3~(PO~4~)~2~, β-TCP) were kindly provided by Shanghai Institute of Ceramics, Chinese Academy of Sciences. Briefly, akermanite and hardystonite were fabricated by sol--gel process with raw materials of tetraethyl orthosilicate ((C~2~H~5~O)~4~Si), magnesium/zinc nitrate hexahydrate (Mg(NO~3~)~2~·6H~2~O/Zn(NO~3~)~2~·6H~2~O) and calcium nitrate tetrahydrate (Ca(NO~3~)~2~·4H~2~O) [@bib17]. β-TCP was prepared by the reaction of Ca(NO~3~)~2~·4H~2~O with (NH~4~)~2~HPO~4~ [@bib10]. All materials were ground and sieved to 300--450 μm (irregular shape), and sterilized by gamma irradiation (270 Gy) before use. The nature of the tested materials used in this study was confirmed by X-ray diffraction (XRD) spectrum with a D8 Advance (Bruker, Billerica, MA, USA). The 2θ was set from 10° to 80°.

2.2. Animal model {#sec2.2}
-----------------

### 2.2.1. Osteoporotic rat model {#sec2.2.1}

All animal surgical procedures were conducted under protocols approved by the Committee on the Use of Live Animals in Teaching and Research, The University of Hong Kong (CULATR No. 2572-11; 2555-11). Female Sprague-Dawley rats aged 10 months were chosen in this study. Osteoporosis was inducted by ovariectomy (OVX) surgery as previously described [@bib19], [@bib20]. Briefly, after anesthetization, an incision was made at the midline of the abdomen through which both ovaries were excised bilaterally; bleeding control procedures were instituted and the incision was sutured. Bone mineral density (BMD) of the proximal tibia was measured by Micro-computerized tomography (CT) (Skyscan 1076, Skyscan, Kontich, Belgium). 3 months after OVX surgery, osteoporotic rat model was successfully established.

### 2.2.2. Material implantation {#sec2.2.2}

A secondary surgery was performed three months after the OVX surgery, bilateral bone defects were created in the median aspect of the tibial shaft, below the tibial plateau. Briefly, incisions were made bilaterally after shaving and aseptic procedures on the median aspect of the proximal tibia. Defects with depth and diameter of 3 mm were created with a 3-mm drill at low speed. Both defects were then packed gently with each material powders (Ak, Har or β-TCP) with four replicates for each time point. After μe-pH detection, the entrance of the defect was sealed using bone wax (Ethicon, Somerville, NJ, USA) and the skin was sutured (Ethilon, Ethicon). Blank controls were treated similarly but without material implantation. Antibiotic (Baytril^®^, Enrofloxacin, Bayer HealthCare, Kiel, Germany) was administered in the drinking water for 3 days. Rats were euthanized with an overdose of pentobarbital (Alfasan; 150 mg/kg) at 1, 4 or 9 weeks. Both tibiae were then harvested.

### 2.2.3. Detection of *in vivo* μe-pH {#sec2.2.3}

The pH meter was normalized before use (Model 60, Jenco, San Diego, CA, USA), and the μe-pH was determined immediately after materials implantation. The sensing tip of the microelectrode (MI-413P, Microelectrodes, Bedford, NH, USA) was placed on the surface of the blood-saturated packed powder, and the stable value of the initial detection was used for analysis. Protein contamination on the sensor was removed after each measurement by immersing the sensor in enzymatic detergent (Tergazyme, Alconox, White Plains, NY, USA). Before tissue was harvested, the bone wax was removed, the surface layers of the implants were carefully scraped with a scalpel to expose the implant fully, and thus its internal microenvironment, for its μe-pH to be measured again in the same way.

2.3. Evaluation {#sec2.3}
---------------

### 2.3.1. Micro-CT analysis {#sec2.3.1}

The implantation sites were scanned by Micro-computerized tomography (CT) at a voltage of 88 kV and current of 100 μA. The rotation step was 0.6° and the isotropic voxel size was 17.33 μm. Data was reconstructed by software (NRecon Server, version 1.6.6.0, Skyscan). A column of 0.4 × 1.0 mm^2^ (height × radius) in the center of the implantation site was chosen as the volume of interest (VOI). According to our results, the X-ray attenuation coefficient (AC) of rat trabecular bones was lower than 25.1 m^-1^, so that objects with an AC higher than 25.1 m^-1^, which were chosen as the object of interest, can be identified as the remaining implant. Volume of object in VOI (Obj.V/TV) and relative surface area (Obj.S/Obj.V) were calculated by software (CT Analyser, V. 1.10.0.1, Skyscan). The 3D VOI images at time points of week 1, 4 and 9 were created based on AC (CT Vol, version 2.1.0.0, Skyscan).

### 2.3.2. Decalcified histology staining {#sec2.3.2}

Harvested tibias were processed for standard procedures of fixation, ethylene diamine tetraacetic acid (EDTA) decalcification, dehydration and paraffin-embedding [@bib21]. Five-micrometer sections were created for histological staining (haematoxylin and eosin, Sigma--Aldrich) to detect the specific tissue response to the implanted materials. Semi-quantitative examinations for new bone formation were analyzed by 8 parallel samples, and the histogram was established by software (GraphPad Prism 5, La Jolla, CA, USA).

### 2.3.3. Undecalcified histology staining {#sec2.3.3}

Undecalcified samples were prepared with similar methods applied to decalcified tissue but without EDTA treatment. Samples were infiltrated, embedded with methyl methacrylate (MMA) (Merck) and cut into 200 μm sections with a low-speed saw (IsoMet, Springfield, VA, USA) in running water. Sections were subsequently polished to about 50 μm thickness (model 310 CP band system, Exakt). Osteoid formation capability was examined by goldner\'s trichrome staining, while toluidine blue staining was utilized to distinguish the junction between the implant and new bone [@bib21].

### 2.3.4. Elemental analysis {#sec2.3.4}

An energy-dispersive X-ray spectroscopy (EDX) detector (EMAX, EX-350, Horiba, Tokyo, Japan) on a scanning electron microscope (SEM) (S-4800 FEG, Hitachi, Tokyo, Japan) was used to assess elemental distribution development over time. Elemental distributions from the original implant sites to the newly formed bone sites at different time points were conducted on 200 μm paraffin-embedding sections acquired from undecalcified histology processing step. The sections were carbon-sputtered, and were linear or area scanned at an operating voltage of 20 kV. The distribution and constitution of Mg/Zn, Ca, P and Si on the surface of sections were subsequently identified. An average of three repetitions of each scanning were recorded and analyzed in software (INCA Energy software, Oxford Instruments, Abingdon, Oxfordshire, UK).

2.4. Statistical analysis {#sec2.4}
-------------------------

Quantitative results were expressed as the mean ± standard deviation (SEM). Shapiro-Wilk and Levene tests were performed to check the normality and the homogeneity of the variance. Parametric analysis was carried out by using one-way analysis of variance (1 way ANOVA) followed by a LSD post-hoc multiple comparisons. All statistical analyses were conducted in software (SPSS Statistics for Windows 17.0, SPSS, Chicago, IL, USA). The critical value was set at α = 0.05.

3. Results {#sec3}
==========

3.1. Material characterization {#sec3.1}
------------------------------

XRD patterns of the prepared materials were presented in [Fig. 1](#fig1){ref-type="fig"}. The diffraction peak for β-TCP (whitlockite, syn), Ak and Har, which were referred to their powder diffraction file card (*i.e.* PDF card \# for β-TCP: 09-0169; Ak: 35-0592 and Har: 35-0745), were identified respectively. The incorporation of Mg/Zn into the calcium silicate framework was further confirmed by the EDX scannings from tissue sections acquired *in vivo* studies ([Supplementary Fig. 1](#appsec1){ref-type="sec"}).Fig. 1XRD patterns of the prepared β-TCP, Ak and Har. Diffraction peaks were labeled "■" for β-TCP (PDF card \#: 09-0169), "●" for Ak (PDF card \#: 35-0592); and "○" for Har (PDF card \#: 35-0745).Fig. 1

3.2. *In vivo* μe-pH variation {#sec3.2}
------------------------------

As illustrated in [Fig. 2](#fig2){ref-type="fig"}, the *in vivo* μe-pH changing data acquired from the initial detection with a pH microelectrode were recorded. After implantation, *in vivo* μe-pHs for β-TCP, Ak and Har were increased immediately in comparison with the blank group (7.39 ± 0.03), with Ak (7.82 ± 0.04) and Har (7.80 ± 0.04) giving a significantly higher value compared with β-TCP (7.68 ± 0.04) (P \< 0.05), that was Ak ≈ Har \> β-TCP \> Blank. After that, the μe-pH of Ak and β-TCP decrease slightly at time point of week 1 and then increased gradually from week 1 to week 4; whereas the μe-pH of Har dropped significantly to a minimum (7.65 ± 0.01) at week 1, and then maintained at that relative constant level (7.65--7.71) throughout our detection period. The μe-pH values of the tested materials were higher than the blank at all examined time points, whereas the significant difference among all types of materials faded at week 9.Fig. 2Variation of μe-pH with time post-implantation. Data were expressed as mean ± SEM, n=4.Fig. 2

3.3. Implants biodegradation {#sec3.3}
----------------------------

Threshold attenuate coefficient of 25.1 m^-1^ was chosen to distinguish new bone from the remaining materials. Compared with the condition at week 1, Ak powders (with a AC higher than 25.1 m^-1^) lost almost two third of its initial volume after 9 weeks implantation; whereas the relative surface area of these materials (Obj.S/Obj.V) was increased gradually during this process ([Fig. 3](#fig3){ref-type="fig"} AB). The changing tendency of Obj.S/Obj.V and Obj.V/TV through time was reversed, and this may be attributed to that the new bones (or intermediate mineral layer) which formed on the surface of the implants attenuated their further degradation. Compared with Ak, significantly higher Obj.V/TV, but a relatively lower Obj.S/Obj.V was observed in both β-TCP and Har group at week 9.Fig. 33D reconstructed images of the volume of interests (VOI) (threshold AC = 25.1 m^−1^) during the osteoporotic bone defects regeneration process. Variation of the remaining minerals (Obj.V/TV) (A) and relative surface area (Obj.S/Obj.V) ( B) within VOI were parameters of interest (Mean ± SEM; n = 4; p \< 0.05 (\*)). Scale bar: 0.5 mm.Fig. 3

3.4. New bone formation {#sec3.4}
-----------------------

Chronologically, after implantation, Ak powders were encapsulated by fibrous tissues ([Fig. 4](#fig4){ref-type="fig"}; Ak-1W, "F") which were then gradually substituted by bone marrow ([Fig. 4](#fig4){ref-type="fig"}; "BM") from week 1--4. The new bone matrix (stained in pale pink) could be clearly observed on the surface of Ak at the time point of week 4 ([Fig. 4](#fig4){ref-type="fig"}; "NB"), and it was increased significantly at week 9. As indicated by our results, β-TCP exhibited good osteoconductive property, while the fibroblastic response in Har group can be still observed at 9 weeks post-surgery. The semi-quantitative results ([Fig. 4](#fig4){ref-type="fig"}; bottom) indicated that the new bone content in Ak group was significantly higher than that in either β-TCP or Har group at week 9 (P \< 0.05).Fig. 4H&E staining during the osteoporotic bone defect healing process. New bone (NB) was stained in pink/pale-pink; bone marrow was marked "BM"; fibrous tissues were marked "F". Scale bar: 200 μm. Semi-quantitative results for new bone volume/tissue volume ratio (BV/TV) in each group at different time points was listed at the bottom. (Mean ± SEM; n = 8; p \< 0.05 (\*)).Fig. 4

3.5. Goldner\'s trichrome staining for osteoid {#sec3.5}
----------------------------------------------

As shown in [Fig. 5](#fig5){ref-type="fig"}, the calcified new bone regions were stained in green, while new osteoid in red. New osteoids were traceable on the surface of Ak as early as week one, and were then gradually replaced by mineralized mature bone. Increased osteoid areas, indicating increased osteoblast activity, were observed conspicuously in Ak at week 9, in comparison with β-TCP ([Fig. 5](#fig5){ref-type="fig"}; Ak-9W, TCP-9W). According to our results, new bones that formed on the surface of Har were less mineralized bone in comparison with the other two groups.Fig. 5Undecalcified goldner\'s trichrome staining during the osteoporotic bone defect regeneration process. New osteoid was stained red; calcified bone was stained dark green. Scale bar: 100 μm.Fig. 5

3.6. Interface of material-bone junction {#sec3.6}
----------------------------------------

As shown in [Fig. 6](#fig6){ref-type="fig"}, osteocyte lacunae can be observed in new bone area. Margin of original material regions were partially stained in blue (M\'), leaving the centre of the material pale in color (M). The majority of locations originally resided by Ak were occupied by an intermediate (assumed apatitic) calcium phosphate M\' layer afterwards ([Fig. 6](#fig6){ref-type="fig"}; Ak-4w, Ak-9w). In consistent with [Fig. 4](#fig4){ref-type="fig"}, new bone formed on the surface of intermediate M' layer in Ak group, and increased in area with time. The outline between M and M\' was indistinct after 4 weeks implantation. At time point of week 9, a greater material degradation proportion was observed in the Ak group than in Har and β-TCP groups.Fig. 6Undecalcified toluidine blue staining during the osteoporotic bone defect regeneration process. Implant materials (M) appeared gray; new bone (NB) was stained blue (osteocyte lacunae can be clearly observed). M\' represented the intermediate layer. Scale bar: 100 μm.Fig. 6

3.7. Elemental distributions {#sec3.7}
----------------------------

Elemental distributions at material-bone junctions were displayed in [Fig. 7](#fig7){ref-type="fig"}. Generally, the direction for EDX linear scanning should pass through material regions to new bone regions, so that the elemental distribution from the original implant site to the novel bone site were recorded. The characteristic element of remaining Ak was "Si". The formation of an "apatite" deposition at material original regions (denoted by "\*") can be identified by the emerging P peaks. New bone region was also rich in "P" and can be distinguished by the appearance of osteocyte lacunae. The results demonstrated that Si-rich regions were gradually replaced by P-rich deposition or new bone ([Fig. 7](#fig7){ref-type="fig"}; 4--9 weeks). Quantitative data indicated that the atom% of Mg and Si at material region was apparently decreased from week 4 (Mg: 6.28± 0.47%; Si: 13.79± 1.08%) to week 9 (Mg: 0.99± 0.12%; Si: 7.31± 0.73%). Characteristic Mg peaks of Ak become almost indistinguishable after 9 weeks, whereas Si peaks were still detectable at that time points.Fig. 7Representative EDX line scans across Ak implantation sites. Scan tracks were labeled within black lines on SEM images. In elemental distribution histogram, the original material areas were labeled with black solid arrow, while new bone areas were labeled with hollow arrow. P peaks at material original regions were marked with "\*". Scale bar: 300 μm.Fig. 7

4. Discussion {#sec4}
=============

Insufficient osteogenesis between osteoporotic bone and endosseous implants usually results in poor biological fixation and it is one of challenging topics for material scientists to design proper orthopaedic biomaterials with biological functions for osteoporosis patients [@bib22]. Currently, there\'s no approved biomaterial that was specifically appropriate for the application in osteoporotic bone clinically [@bib23].

Beneficial ions adulteration is one of the commonly used approaches to improve the applicability of biodegradable material by adding new properties which adapt them to specific conditions. As an essential trace element of human beings, 60% of magnesium in human body is stored in bone, and 40% of them is exchangeable [@bib24]. Deficiencies of Mg results in increased osteoclasts activity [@bib25], reduced osteoblasts activity [@bib26] and less perfect crystal in bone mineral in osteoporotic women [@bib27], consequently accelerating bone loss [@bib28]. Low magnesium level also affects the secretion of parathyroid hormone (PTH) and promotes mild inflammation, which indirectly contributes to osteoporosis [@bib29]. Clinically, magnesium intake is positively correlated with bone mass content in pre and postmenopausal women [@bib30], [@bib31], whereas high magnesium intake also significantly increases the risk of wrist fractures in postmenopausal women [@bib32]. In that case, an appropriate and controllable Mg intake (*e.g.* from the released implants) is required.

In material science, Mg-containing biomaterials display potential applications as orthopaedic implants. Magnesium-based alloys show eminent biocompatible, osteoconductive and biodegradable properties [@bib33]. The structural stability of CaSiO~3~ is enhanced by magnesium adulteration. Also, the adhesion and proliferation properties of osteoblast on material surface could be directly stimulated by Al~2~O~3~ with Mg adulteration [@bib34]. Most of these studies ascribe the beneficial effect of these Mg-containing biomaterials to the released Mg^2+^ (or other ions) [@bib18]. However, we previously noticed that the released ions may also significantly change the microenvironmental pH through *in vivo* implants biodegradation, and a weak alkaline μe-pH was associated with greater new bone regeneration under an osteoporotic condition. We believe that both μe-pH elevation and the released Mg^2+^ are vital factors, whereas the *in vivo* detection of μe-pH change after implantation of these materials has not been realized yet.

Previously, we have demonstrated that the i-pHs on the materials surface were appreciably different from that of the bulk medium *in vitro* [@bib3]. After biomaterials implantation, due to the complexity of *in vivo* situation which is influenced by both material surface properties and the blood/tissue fluid circulation, it is greatly necessary to make the direct monitoring of implants surface pH rather than theatrically prediction. In the present study, silicate based Mg-containing akermanite was fabricated and employed to rehabilitate the osteoporotic bone defect, and the detection of μe-pHs at different time points after Ak implantation was conducted by our previously established method [@bib5]. The results indicated that, compared with β-TCP and Blank, Ak implantation immediately generated a higher μe-pH, and this alkaline condition would be maintained till 9 weeks. The initial μe-pH of Har was similar to Ak, while then decreased to a relatively lower level after week 1.

Previous studies have demonstrated that Ak exhibited better bone regenerative performance both *in vivo* and *in vitro* [@bib17], while the present study further expanded this conclusion in the circumstances of OVX-induced osteoporotic conditions. In osteoporotic conditions, fibrous tissue encapsulation diminished and disappeared within 4 weeks after Ak implantation. At week 9, new bone formation in Ak was respectively 94% and 261% higher than that in β-TCP and Har ([Fig. 4](#fig4){ref-type="fig"}). Anabolic osteoid formation activity was greater for Ak in comparison with β-TCP or Har, indicating increased osteoblast activity under those same conditions. Considering that weak alkaline conditions showed positive effects on osteoblastic differentiation from osteoporotic bone marrow stromal cells [@bib5], we proposed that the better performance of Ak in the treatment of osteoporotic bone defect may be not only ascribed to the anabolic effect of the Mg^2+^ but also its durable alkaline μe-pH.

The leverage of Bioglass^®^ is attributed to its capability of forming a hydroxyapatite-like layer on its surface, promoting the binding between implants and bone [@bib35]. By incorporating of Mg into silicate framework, diopside [@bib36] and Akermanite [@bib37] are reported to show hydroxyapatite formation ability in simulated body fluid (SBF). In this study, an intermediate layer (without osteocyte lacunae) emerged at week 4 post-surgery ([Fig. 6](#fig6){ref-type="fig"}; M\'), connecting new forming bones with original material particles. This intermediate layer was rich in phosphorus ([Fig. 7](#fig7){ref-type="fig"}), indicating the formation of a calcium phosphate deposition. In addition, ions releasement could be speculated by the decreased content of Mg and Si at materials original regions, so that the released ions may take effect on the regeneration microenvironment by influencing cell behaviors as well as participating in the formation of new mineral. At last, among series biodegradable silicate-based materials, the incorporation of Mg/Zn into silicate framework slowed down the fast dissolution rate of CS [@bib5], while the degradation rate and relative surface areas of Ak was still higher than that of Har ([Fig. 3](#fig3){ref-type="fig"}).

It is worth noticing here that, although the μe-pH was increased after Ak implantation, the influence of its effect on bone regeneration was still needed to be further confirmed. This is because the concentration of specific ions and protons in the microenvironment may interact with each other and it is impossible to design a biomaterial which only differs in μe-pH while the composition remains identical. That is to say, change in μe-pH may be an intermediate factor that different materials could generate a similar *in vivo* μe-pH from both their surface chemistry properties and interaction with the surrounding tissues. Furthermore, difficulties are still remained in respect of *in vivo* analysis for \[Mg^2+^\], \[SiO~3~^2−^\], \[Ca^2+^\] and so on.

To conclude, this study provided new insights into the beneficial effect of Ak on osteoporotic bone regeneration. In order to facilitate the development of novel orthopedic materials used for osteoporosis patients, further study on how μe-pH influences bone cells behaviors are still needed.

5. Conclusion {#sec5}
=============

In the present study, akermanite was demonstrated to exhibit better bone regenerative performance in osteoporotic bone defect healing process than β-TCP and Har; and its better performance may be doubly attributed to the release of beneficial ions (*e.g.* Mg^2+^) and a durable weak alkaline μe-pH it had generated after implantation.

Appendix A. Supplementary data {#appsec1}
==============================

The following is the supplementary data related to this article:Supplementary Fig. 1Representative SEM images and EDX area scans at β-TCP, Ak or Har implantation sites. Time points: 4 weeks. Scale bar: 300 μm.Supplementary Fig. 1
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